Objective-To investigate whether the risks of mortality from brain cancer are related to occupational exposure to magnetic fields. Methods-A total of 112 cases of primary brain cancer were identified from a cohort of 84 018 male and female employees of the (then) Central Electricity Generating Board and its privatised successor companies. Individual cumulative occupational exposures to magnetic fields were estimated by linking available computerised job history data with magnetic field measurements collected over 675 person-workshifts. Estimated exposure histories of the case workers were compared with those of 654 control workers drawn from the cohort (nested case-control study), by means of conditional logistic regression. Results-For exposure assessments based on arithmetic means, the risk of mortality from brain cancer for subjects with an estimated cumulative exposure to magnetic fields of 5'4-13-4 uT.y v subjects with lower exposures (0.0-5.3 pT.y) was 1 04 (95% confidence interval (95% CI) 0-60 to 1-80). The corresponding relative risk in subjects with higher exposures (> 13 5 pT.y) was 095 (95% CI 0 54 to
(95% confidence interval (95% CI) 0-60 to . The corresponding relative risk in subjects with higher exposures (> 13 5 pT.y) was 095 (95% CI 0 54 to . There was no indication of a positive trend for cumulative exposure and risk of mortality from brain cancer either when the analysis used exposure assessments based on geometric means or when the analysis was restricted to exposures received within five years ofthe case diagnosis (or corresponding period for controls). Conclusions-Although the exposure categorisation was based solely on recent observations, the study findings do not support the hypothesis that the risk of brain cancer is associated with occupational exposure to magnetic fields.
risks of maligational exposure electromagnetic port which linked occupation" on death certificates in Washington State to an increased risk of leukaemia.' Three years later, a similar study by Lin et al2 extended the tumour sites of interest to the brain. Since that time, many reports have appeared supporting the link between "electrical or electronic workers" and an increased risk of leukaemia, or brain cancer, or both. Also, cohort and case control studies have been published for relevant industries.
Recent reviews of the literature have highlighted much inconsistency between the studies, but overall, a modest increase of risk for leukaemia and brain cancer has been reported and the list of suspect cancer sites now includes male breast cancer and malignant melanoma.' Many of the earlier studies have been criticised for their design limitations-in particular, validity of exposure assessment, sample size, multiple analyses, and failure to control for possible confounding factors. Recent studies, notably those by Floderus et al, 4 Sahl et al1, Theriault et al, 6 and Savitz and Loomis7 have made serious attempts to counter these shortcomings. However, these studies still leave cause for debate as to whether the links between exposure and disease are causal because findings have been inconsistent, and the increases in risk have, by and large, been modest."
The study reported in this paper has been developed from a cohort of electricity generation and transmission workers of the (then) Central Electricity Generating Board Six controls from the cohort were chosen for each case after considering power calculations and the logistics of obtaining exposure data. Controls were selected to be the same sex as the case and alive at the time of death of the case. The six study subjects satisfying these conditions and whose dates of birth were nearest to those of the case were then selected as controls. Cases were allowed to be selected as controls in earlier risk sets and control subjects could be selected for more than one case. One control was later discovered to have been selected in error and was deleted. A further 17 controls had no period of employment before the date of diagnosis of the case. Consequently, at the date of diagnosis, they were not in the risk set and were excluded from the study. The final number of study subjects comprised 112 cases and 654 controls. EXPOSURE and controls were coded in terms of the 11 job groups relevant to this study (data from the regional electricity companies were excluded) by two ex-CEGB electrical engineers with long experience in the industry. The job title for each employee had been recorded on entry to the cohort and information on subsequent occupations (to the end of March 1984) was obtained from the payroll file supplied by the regional personnel departments of the CEGB. The two assessors worked independently and blind to case or control status. They considered the likely activities of each job group identified by the exposure survey and selected the category which corresponded most closely with the working environment of each job held by a person. A pilot assignment session was carried out on a random selection of people to clarify procedures for the assessors and to formulate criteria for making the assessments. After the first main session there was 76% concordance between the assessors. The differences in coding were resolved by consensus between the two assessors. For five cases and 17 controls, exposure assessments were available for some but not all periods of employment history. For these subjects, the preceding assessment (or after assessment if the former was unavailable) was assumed to apply to the unclassifiable part of the employment history. There remained 86 people (18 cases and 68 controls) for whom there was insufficient data on the employment history to assign an exposure. Study subjects were unclassified because either no information on job history was available (nine cases and 31 controls), or the only information supplied was foreman (three cases job details were assumed to be relevant for earlier periods of employment. There are nonsignificant negative trends of risk with levels of cumulative exposure. A higher proportion of cases were in the unclassifiable group; the difference was not significant. Table 4 shows ORs for brain cancer by levels of cumulative exposure to electromagnetic fields received in the five years before the case diagnosis. The analysis is based on a subset of the data (see methods section). There are nonsignificant negative trends of risk with levels of cumulative exposure. A higher proportion of cases were in the unclassifiable group; the difference was not significant. Tables 2-4 show the trend analyses (without adjustment for year of hire) which were repeated with additional adjustment for each of 24 potential confounders (table 1)-that is, the potential confounders were considered singly rather than all together. Each study subject was classified in terms of never exposed or possibly exposed in at least one job, or exposed in at at least one job to each of the potential confounders. No indication of a positive trend of risk of brain cancer with level of exposure to electromagnetic fields approached significance. There was no significant association between the risk of brain cancer and exposure to any of the potential confounders.
Discussion
The results of this study do not show an association between occupational exposure to power frequency magnetic fields and the risk of brain cancer. Although the study population is large, the study has several limitations. These are the problem of unclassifiable cases and controls, the limited exposure data with overlapping values for different job categories, and the gaps in knowledge of employment history. Increased ORs were found for the unclassifiable category but a thorough review of the available data for the unclassifiable cases found no indication that any particular kind of employment was overrepresented in this category nor any evidence to suggest that these people were a biased group. The group is, unfortunately, rather large but the increased ORs are, in the main, not significantly increased. In the absence of other explanations, chance would seem to be the most likely explanation for these increased ORs.
The details of employment history were difficult to define with any accuracy, and were not universally available for employment in the industry before 1972. Nevertheless, full employment details were available for 20% of the cohort. This group was shown to have very limited job movements and there is no reason to think that this subset is different in job experience from the rest. Anecdotal information from long serving employees supported the assumption that the whole cohort moved job infrequently within or between industries. Exposure assessments are based on limited surrogate measurements taken during the period 1989-93; historical data were not available. Also, the figure shows that there are large variations in exposure within a job group leading to unavoidable overlap in exposures between the job groups. Even if these assessments were clearly delineated they will almost certainly mask important differences in real exposures; it is known that not only is there variation between jobs but also within and between workers within the same job. Overlap in exposure levels might have been reduced if the workers were grouped, for example, by the combination of job group and site.'4 However, as the total number of sites in the cohort was much larger than the number of sites from which exposure measurements were available, insufficient exposure data were available for such a classification scheme.
Grouping workers into different exposure categories with different time windows is somewhat arbitrary and varies between the published studies. Unfortunately, there is no consensus on the best way to avoid misclassification, although the choice of cut off point could well influence the ORs, particularly in the highest exposure categories.'5 Also, there is no agreement on the most appropriate exposure metric for electromagnetic fields. It is possible that other groupings such as percentage of time above a particular level or even the square of the exposure measured might be computed. The analyses here were restricted to those that could be compared with other studies. In this study, periods have also been chosen for comparason with previously published work, in particular that of Theriault et al.6 This device in some measure, answers the question of tumour promotion and excludes the subjects over 70 years old in one analysis. In the present study, the exposure assessments are fewer than those found in the Southern Californian Edison,5 the Canada France,6 and the United States Electric Utility7 studies and are based on lower values. Confounding seems not to be a major problem in the current study, but in all these studies, assessments of confounding exposures are crude or insensitive. It is difficult to judge whether these assessments are accurate or not.
Finally, the studies used different disease outcome measures. This study used histologically confirmed diagnosis of primary brain cancer. In many studies, it is unclear whether secondary brain tumours have been satisfactorily excluded from the cases included in the analysis. If exposure to electromagnetic fields were to cause primary, but not secondary, brain cancer, misclassification of secondary tumours would tend to dilute any effect of exposure to electromagnetic fields.
We have looked again at the publications on the suggested association between risk of brain cancer and exposure to electromagnetic fields. It includes several reports with substantial increases in risk.' 1617 These studies were based on occupations cited on death certificates. Most studies that rely on employer's job title as a surrogate for exposure show only modest relative risks of 1-2 to 2-0. 3 The more recent studies have used more refined methods.47 1819 They are based on large cohorts of workers in relevant industries and in which some assessment of exposure has been made with measurements of magnetic fields on current employees extrapolated to provide estimates of cumulative exposure.
The case control study of Swedish men by Floderus et a14 found no consistent patterns for exposure to magnetic fields and brain cancer although the ORs were increased in the two highest quartiles for median exposure and there was a suggestion of a dose-response for time exposed above 0 20 MT. The authors reanalysed the data in 1994 by dividing the study period into two and concentrating on railway workers.'8 Brain cancer ORs approximated to unity.
The cohort of 36 221 workers at Southern Californian Edison reported by Sahl et all included nested case control studies, one of which centred on brain cancer. No consistent association was found between assessments of magnetic fields and brain cancer. The smaller study of 5088 employees of eight Norwegian power companies by Tynes et al 9 also showed no association.
Savitz and Loomis7 studied a large cohort (138 905 male employees) of five United States electric utilities which included 151 deaths from brain and central nervous system tumours. The information on diagnosis seems to rely entirely on data from death certificates. Brain cancer was weakly associated with duration of work in exposed jobs. The association was stronger for cumulative exposure to magnetic fields with a relative risk of 1 94/pT.y for exposure two to 10 years before death and a mortality ratio of 2-6 for exposure levels > 0 7 MT within that two to 10 year period.
Finally, the Canada-France study by Theriault et al6 included 223 200 employees yielding 60 cases of brain cancer with a better confirmation of diagnosis than that of Savitz and Loomis7: ORs for exposures above the median exposure (3a 1 MuT years) and above the 90th percentile pT.y) were not significantly increased at 1X57 and 1-95 respectively. For astrocytoma the OR for exposures above the 90th percentile was significant but was based on only five cases.
Overall, these large, well designed studies do not provide a persuasive case for a causal link between occupational exposure to magnetic fields and the risk of brain cancer even though many of the methodological shortcomings of earlier studies have been at least partially overcome. 20 Nevertheless, Kheifets et al, 2 in a meta-analysis of studies of electromagnetic fields and brain cancer, conclude that for the studies with the best exposure characterization there is a modest increase in risk. They suggest that there is some evidence of trend in risk with the lowest exposure category 1-23 (95% CI 1-06 to 1-42) to highest 1.61 (95% CI 1.23 to 2 04). The ORs in our study are below this range but the confidence intervals overlap with those cited by Kheifets et al. If further studies of this type are to contribute to scientific knowledge it is clear that very large cohorts are required, exposure assessments will need even more refining (and preferably include study populations with a wider range of exposures), and histological confirmation of diagnoses will be essential.
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